A numerical verification procedure and the effects of operating conditions in a large, vertical, and close-spaced reactor for metalorganic chemical vapor deposition are investigated through simulation and analysis. A set of epitaxy experiments are presented for verifying the growth rate of the gallium nitride (GaN) mechanism reported in our previous study. The full governing equations for continuity, momentum, energy, and chemical reaction are solved numerically. The results show that the real operating parameters (susceptor temperature: 1188 • C or 1238 • C; pressure: 100-300 torr) affect thin-film uniformity, and the predicted growth rates agree reasonably well with the experimental data, indicating the accuracy of the projected chemical reaction mechanisms.
Introduction
Computational fluid dynamics (CFD) modeling has recently become a critical tool for designing and optimizing the performance of metalorganic chemical vapor deposition (MOCVD) reactors. Flow-stability maps have been developed through the two-dimensional (2D) and three-dimensional (3D) numerical modeling of possible process parameters. These maps show that all typical flow types encountered in a rotating-disc reactor capture the effects of the process parameters on the flow stability in the reactor [1, 2] .
The transport phenomena and thermoflow structure of vertical rotating-disk reactors have been investigated in several numerical simulation studies, and flow-stability maps have been developed through the 2D and 3D numerical modeling of possible process parameters for the entire domain. All typical flow types encountered in a rotating-disc reactor have been shown to capture the effects of all process parameters on flow stability in such reactors [3] [4] [5] . Systematic CFD studies have investigated the effects of various operating parameters-such as chamber pressure, wafer-carrier rotation rate, growth temperature, and total carrier-gas flow rate for different carrier gases-on the deposition rate and uniformity in vertical rotating-disc MOCVD reactors [6, 7] .
Yakovlev et al. presented the temperature kinetic effects in the metalorganic vapor-phase epitaxy of III-V compounds as well as a novel approach for the simulation of the growth of group-III nitrides, wherein the growth rate and solid-phase composition were predicted theoretically and compared with available experimental data; moreover, the data were verified for a commercial reactor [8] [9] [10] .
In 2017, Crose et al. developed a multiscale CFD model of the plasma chemistry and transport phenomena in a plasma-enhanced chemical vapor deposition reactor by using the hybrid kinetic Monte
Numerical Modeling
In a previous study [15] , we presented a novel, useful, and simplified mechanism for predicting the blue-LED process: we simplified the complicated chemical mechanism [15] in previous studies through rate of production (ROP) analysis. The optimized reaction mechanism model was then employed as the input to a 2D CFD code, enabling the accurate prediction of growth rates for GaN thin film. The results not only furthered GaN research in academia but also extended blue-LED knowledge in industry. The current study, an extension of the aforementioned study, develops a verification procedure for the numerical modeling of a real epitaxy experiment at the Industrial Technology Research Institute (ITRI), Taiwan.
Two-Dimensional Analysis
In Fluent (version 14.5) computation, first, the laminar-flow model is used for representing the viscous conditions; second, the species-transfer model is used for concentration diffusion; and third, the finite-rate model is used for chemical reaction. Because the steady-state, pressure-based solver is used in this study, the computational time is the mean time for iteration. Thus, the time discretization in Ansys Fluent (version 14.5) is based on the finite-volume method; by default, it stores discrete values of the scalar φ at the cell centers; however, face values φ f are required for the convection terms and must be interpolated from the cell center values. This is accomplished using an upwind scheme, where "upwind" means that φ f is derived from quantities in the cell upstream. The spatial discretization for pressure, momentum, all species, and energy is the second-order upwind scheme; when second-order accuracy is desired, quantities at cell faces are computed using a multidimensional linear reconstruction approach. In this approach, high-order accuracy is achieved at the cell faces through a Taylor series expansion of the cell-centered solution about the cell centroid. Thus, when the second-order upwind is selected, φ f is computed as
where φ and ∇φ are the cell-centered value and its gradient in the upstream cell, and → τ is the displacement vector from the upstream cell centroid to the face centroid. This formulation requires the determination of the gradient ∇φ in each cell. The second-order upwind is available in pressure-and density-based solvers.
The following five equations are for 2D computation in Fluent (version 14.5), including the final calculation of the obtained growth rate of GaN:
The general integral mass-conservation equation in differential form is
where → v is the velocity vector.
• Momentum equation of motion:
The general Navier-Stokes equation is
For an incompressible fluid, the left side of this equation is the momentum difference of the system, µ is the viscosity coefficient, and → f is the body force.
• Energy equation:
This equation involves the total work done by pressure and the work done by the viscous force; k is the thermal conductivity for the fluid, T is temperature, and e is the energy per unit mass for the fluid.
• Species transportation equation:
This conservation equation is expressed as
where R is the net ROP of species by chemical reaction, Y is the local mass fraction of each species, S is the rate of creation by addition from the dispersed phase plus any user-defined sources, and .
J is the diffusion flux of species.
• Laminar finite-rate equation and Arrhenius equation:
The laminar finite-rate equation is written in the general form as
where N is the number of chemical species in the system, ν i,r is the stoichiometric coefficient for reactant i in reaction r, ν i,r is the stoichiometric coefficient for product i in reaction r, M i is a symbol denoting species i, k f,r is the forward rate constant for reaction r, and k b,r is the backward rate constant for reaction r. The forward rate constant (growth rate) is computed using the Arrhenius expression:
where A is the pre-exponential factor, n is the temperature exponent, E a is the activation energy for the reaction, and R is the universal gas constant.
Two-Dimensional Numerical Assumptions
The following were assumed for the 2D model: (1) the gas mixture is treated as a continuum; (2) the steady state is considered; (3) the gas behavior is axisymmetric; (4) radiation between the walls is neglected; and (5) incompressible gas behavior is ideal.
Boundary Conditions
The simulations were performed using the commercial CFD code Fluent, which employs the finite-volume method to solve the governing fluid equations of mass, momentum, energy, and species conservation laws in a stationary state. The gas-flow conditions in various MOCVD reactors and their chemical conditions were calculated using Fluent (version 14.5). The boundary conditions for the model are as follows. A no-slip condition was imposed on the reactor wall, and the velocity boundary condition was specified as the velocity at the showerhead or nozzle gas inlet, which was obtained from the given volume flow rate. The temperature and species mole fraction were also specified for the inlet. For the outlet, the outflow boundary condition, which assumes a fully developed flow at the outlet, was applied. For the wall, zero velocity, constant temperature (27 • C), zero species gradient, and zero thermal flux were assumed.
Development of Numerical Modeling

Experiment Schematic
Aixtron Crius I vertical close-spaced MOCVD (Figure 1 ) is adopted for this research. The total gas inlet areas for species III, V, and H 2 are 0.00348, 0.006, and 0.000275 m 2 , respectively. During the process, the reactant vapors enter the chamber from the top of the showerhead and flow vertically down into the reactor. Upon reaching the surface of the susceptor, the reactant vapor flow turns 90 • and flows radially outward atop the susceptor and finally exhausts to the outlet. The simulations were performed using the commercial CFD code Fluent, which employs the finite-volume method to solve the governing fluid equations of mass, momentum, energy, and species conservation laws in a stationary state. The gas-flow conditions in various MOCVD reactors and their chemical conditions were calculated using Fluent (version 14.5). The boundary conditions for the model are as follows. A no-slip condition was imposed on the reactor wall, and the velocity boundary condition was specified as the velocity at the showerhead or nozzle gas inlet, which was obtained from the given volume flow rate. The temperature and species mole fraction were also specified for the inlet. For the outlet, the outflow boundary condition, which assumes a fully developed flow at the outlet, was applied. For the wall, zero velocity, constant temperature (27 °C), zero species gradient, and zero thermal flux were assumed.
Development of Numerical Modeling
Experiment Schematic
Aixtron Crius I vertical close-spaced MOCVD (Figure 2 ) is adopted for this research. The total gas inlet areas for species III, V, and H2 are 0.00348, 0.006, and 0.000275 m 2 , respectively. During the process, the reactant vapors enter the chamber from the top of the showerhead and flow vertically down into the reactor. Upon reaching the surface of the susceptor, the reactant vapor flow turns 90° and flows radially outward atop the susceptor and finally exhausts to the outlet. The susceptor is divided into three zones: zone 1 (inner zone), zone 2 (middle zone), and zone 3 (outer zone) (Figure 1b) . The verification procedure is initiated by introducing a set of epitaxy experiments (Table 1) , wherein the target wafer is placed in zone 3, which has the maximum temperature drop near the reactor wall. If the GaN layer on the wafer in zone 3 is highly smooth and uniform, it indicates that the layer is also smooth and uniform in zones 1 and 2.
As listed in Table 1 , the average growth thickness is measured at susceptor temperatures of 1238 °C and 1188 °C and a constant wall temperature of 27 °C. The pressure is varied from 100 to 300 torr. The rotation rate and process time are maintained at 60 rpm and 180 min (3 h), respectively. The mass flow rate for each species is as listed in the table. The susceptor is divided into three zones: zone 1 (inner zone), zone 2 (middle zone), and zone 3 (outer zone) (Figure 1b) . The verification procedure is initiated by introducing a set of epitaxy experiments (Table 1) , wherein the target wafer is placed in zone 3, which has the maximum temperature drop near the reactor wall. If the GaN layer on the wafer in zone 3 is highly smooth and uniform, it indicates that the layer is also smooth and uniform in zones 1 and 2.
As listed in Table 1 , the average growth thickness is measured at susceptor temperatures of 1238 • C and 1188 • C and a constant wall temperature of 27 • C. The pressure is varied from 100 to 300 torr. The rotation rate and process time are maintained at 60 rpm and 180 min (3 h), respectively. The mass flow rate for each species is as listed in the table. Figure 2 shows a schematic of the Aixtron Crius I MOCVD reactor and its numerical mesh diagram. The tubes for species III and V are placed in a staggered manner in gas inlet III/V zone and that for H 2 is placed in the outer-ring in the gas inlet zone. For an accurate solution, mesh number 93189 (skewness: 0.6326) is selected, and the structure mesh is implemented using Ansys mesh. A typical method of characterizing flow stability in MOCVD reactors is the use of dimensionless numbers obtained using the Navier-Stokes equations for incompressible flow. The Grashof number characterizes the significance of natural convection in the reactor. Moreover, the flow-stability criteria can be defined using some critical values of the dimensionless groups that represent the ratio of the relative strengths of the different forces in the reactor [15] . The usual phenomena in a MOCVD reactor are force convection, force convection (rotation), and natural convection [6] , all of which exert interactive effects during epitaxy processing. If the gas flow rate in (or rotation speed of) the reactor is high, the force convection effect increases. The magnitude of the Grashof number is proportional to the characteristic length (i.e., the space between the gas inlet and the susceptor) and pressure. Because the reactor is close-spaced, the space between the gas inlet and susceptor is 11 mm. Thus, the pressure effect is very weak (i.e., natural convection).
Coatings 2017, 7, 112 5 of 10 Figure 2 shows a schematic of the Aixtron Crius I MOCVD reactor and its numerical mesh diagram. The tubes for species III and V are placed in a staggered manner in gas inlet III/V zone and that for H2 is placed in the outer-ring in the gas inlet zone. For an accurate solution, mesh number 93189 (skewness: 0.6326) is selected, and the structure mesh is implemented using Ansys mesh. A typical method of characterizing flow stability in MOCVD reactors is the use of dimensionless numbers obtained using the Navier-Stokes equations for incompressible flow. The Grashof number characterizes the significance of natural convection in the reactor. Moreover, the flow-stability criteria can be defined using some critical values of the dimensionless groups that represent the ratio of the relative strengths of the different forces in the reactor [15] . The usual phenomena in a MOCVD reactor are force convection, force convection (rotation), and natural convection [6] , all of which exert interactive effects during epitaxy processing. If the gas flow rate in (or rotation speed of) the reactor is high, the force convection effect increases. The magnitude of the Grashof number is proportional to the characteristic length (i.e., the space between the gas inlet and the susceptor) and pressure. Because the reactor is close-spaced, the space between the gas inlet and susceptor is 11 mm. Thus, the pressure effect is very weak (i.e., natural convection). 
Results and Discussion
Approximate Approach of the Real Showerhead
In a real MOCVD process, to obtain uniform thin films, the gas inlet tube in the showerhead is staggered layer by layer to ensure adequate mixing of the reactant flow over the susceptor. However, calculating the chemical reaction, including the mixing phenomena, using a standard computer is difficult. Therefore, in this section, an approach is introduced to approximate the real showerhead. Figure 3 is an axisymmetric reactor diagram for the proposed approximate approach. For example, the hypothetical radius R is divided into 10 parts, the length of each part is 0.1R. Moreover, a new parameter n is introduced to illustrate the summation of each number of each part. Then, we defined the tubes for species V are located at 0.1R, 0.5R, and 0.9R, whereas those for species III are at 0.3R and 0.7R. "a" is the hypothetical radius of each tube. The example computation is as follows:
For a given total gas inlet area, these two equations yield the hypothetical radius a. Then, because the volume flow rate is known, the velocity for each species can be obtained by dividing the volume flow rate by the gas inlet area. Because this reactor is axisymmetric, these equations can be used to simulate the real showerhead inlet as a concentric gas inlet. To this end, we must rearrange each tube in the original showerhead as a concentric ring. Figure 4 is the Illustration of the showerhead and its concentric-ring equivalent of this concept.
Then, we change the value of n to see the variation of the result, the best result will be elected to the further numerical modeling. Figure 5 presents the predicted growth rates for different values of n for wafer 1 according to the parameters listed in Table 1 . Moreover, because there are so many "diameters" in a circle, so we use the word "wafer length" to elaborate the only wafer diameter from the center of the susceptor in x axis. Clearly, as the value of n increases, the results become smoother and more uniform. However, because this method simulates gas inlets as concentric rings, too many reactants reach the wafer surface; thus, although thin-film uniformity is high, the growth rate is too high in this method. Although the tube type showerhead usually has the highest uniformity and is sufficiently accurate, the 3D computational requirements are extremely high, and the calculations require several days using a standard computer. Therefore, parallel computing may be the most effective means for solving this problem; however, this approach is cost-intensive. Hence, by using the proposed transfer method, which is a 2D computation problem, the concentric rings can be designed to model the growth line along the experimental wafer.
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Results and Discussion
Approximate Approach of the Real Showerhead
Area for inlet III = πR 2 0.3+a
Then, we change the value of n to see the variation of the result, the best result will be elected to the further numerical modeling. Figure 5 presents the predicted growth rates for different values of n for wafer 1 according to the parameters listed in Table 1 . Moreover, because there are so many "diameters" in a circle, so we use the word "wafer length" to elaborate the only wafer diameter from the center of the susceptor in x axis. Clearly, as the value of n increases, the results become smoother and more uniform. However, because this method simulates gas inlets as concentric rings, too many reactants reach the wafer surface; thus, although thin-film uniformity is high, the growth rate is too high in this method. Although the tube type showerhead usually has the highest uniformity and is sufficiently accurate, the 3D computational requirements are extremely high, and the calculations require several days using a standard computer. Therefore, parallel computing may be the most effective means for solving this problem; however, this approach is cost-intensive. Hence, by using the proposed transfer method, which is a 2D computation problem, the concentric rings can be designed to model the growth line along the experimental wafer. 
Verification of Two-Dimensional Numerical Modeling
In this section, the most uniform result (n = 160) is chosen for verification, and the simplified reaction mechanism [15] model is employed as the input to the 2D CFD code for predicting the growth rates for GaN thin films. The input parameters, listed in Table 1 , are the practical application parameters used at ITRI for growing µ-GaN (undoped GaN thin films). The other boundary conditions for 2D computation are as listed in the previous section. First, the growth rate predicted in Figure 5 is too large for the epitaxy process; therefore, it is reasonable to adjust the reaction rate constant for GaN growth, as shown in Table 2 , where A is the pre-exponential factor, n is the temperature exponent, Ea is the activation energy. 
In this section, the most uniform result (n = 160) is chosen for verification, and the simplified reaction mechanism [15] model is employed as the input to the 2D CFD code for predicting the growth rates for GaN thin films. The input parameters, listed in Table 1 , are the practical application parameters used at ITRI for growing µ-GaN (undoped GaN thin films). The other boundary conditions for 2D computation are as listed in the previous section. First, the growth rate predicted in Figure 5 is too large for the epitaxy process; therefore, it is reasonable to adjust the reaction rate constant for GaN growth, as shown in Table 2 , where A is the pre-exponential factor, n is the temperature exponent, E a is the activation energy. Through trial and error, we found that the order of the numerical result is more accurate than the experimental result when A and n equal 3.68× 10 6 and 0.72, respectively. Moreover, E a (activation energy) remains the same, because the reaction rate is highly sensitive to temperature. However, obtaining an accurate result by adjusting the activation energy is difficult.
The predicted growth rates and the experimental results are plotted in Figures 6-8 . Evidently, the predicted growth rates agree well with the experimental data. In Figure 6 , the temperature difference is very small; hence, the growth rate appears to be a constant. The volume flow rate (as inlet velocity) is used as the gas inlet boundary condition. The working gases are all assumed to be ideal, so P ∝ ρ 2 in the natural convection mechanism, where ρ is the gas density. Natural convection is a natural phenomenon caused by thermal expansion, and the characteristic length dominates the physical field if the inertial force effect is weak. Because the characteristic length is very small in a close-spaced MOCVD reactor, the natural convection effect is almost negligible; in other words, a high susceptor rotation rate is unnecessary (60 rpm would suffice). However, because the wafer is located on the outer zone, a large temperature drop usually occurs due to high flow velocity on the susceptor edge. Hence, the pressure and rotation effect are relatively significant on the outer zone. This may explain the decrease in the growth rate of wafer 3. Correspondingly, the inlet flow rate drops from wafer 4 to wafer 6 because of the flow rate of species III. In sum, in a close-spaced reactor, considering natural convection is important for process control. This study focused on obtaining a quick solution for mass-transport temperature. The experimental results had some fluctuations when the wafer length exceeded 30 mm, which might be because of heating non-uniformity in the three zones or boundary-layer diffusion.
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Through trial and error, we found that the order of the numerical result is more accurate than the experimental result when A and n equal 3.68× 10 6 and 0.72, respectively. Moreover, Ea (activation energy) remains the same, because the reaction rate is highly sensitive to temperature. However, obtaining an accurate result by adjusting the activation energy is difficult.
The predicted growth rates and the experimental results are plotted in Figures 6-8 . Evidently, the predicted growth rates agree well with the experimental data. In Figure 6 , the temperature difference is very small; hence, the growth rate appears to be a constant. The volume flow rate (as inlet velocity) is used as the gas inlet boundary condition. The working gases are all assumed to be ideal, so P ∝ ρ 2 in the natural convection mechanism, where ρ is the gas density. Natural convection is a natural phenomenon caused by thermal expansion, and the characteristic length dominates the physical field if the inertial force effect is weak. Because the characteristic length is very small in a close-spaced MOCVD reactor, the natural convection effect is almost negligible; in other words, a high susceptor rotation rate is unnecessary (60 rpm would suffice). However, because the wafer is located on the outer zone, a large temperature drop usually occurs due to high flow velocity on the susceptor edge. Hence, the pressure and rotation effect are relatively significant on the outer zone. This may explain the decrease in the growth rate of wafer 3. Correspondingly, the inlet flow rate drops from wafer 4 to wafer 6 because of the flow rate of species III. In sum, in a close-spaced reactor, considering natural convection is important for process control. This study focused on obtaining a quick solution for mass-transport temperature. The experimental results had some fluctuations when the wafer length exceeded 30 mm, which might be because of heating non-uniformity in the three zones or boundary-layer diffusion. Through trial and error, we found that the order of the numerical result is more accurate than the experimental result when A and n equal 3.68× 10 6 and 0.72, respectively. Moreover, Ea (activation energy) remains the same, because the reaction rate is highly sensitive to temperature. However, obtaining an accurate result by adjusting the activation energy is difficult.
The predicted growth rates and the experimental results are plotted in Figures 6-8 . Evidently, the predicted growth rates agree well with the experimental data. In Figure 6 , the temperature difference is very small; hence, the growth rate appears to be a constant. The volume flow rate (as inlet velocity) is used as the gas inlet boundary condition. The working gases are all assumed to be ideal, so P ∝ ρ 2 in the natural convection mechanism, where ρ is the gas density. Natural convection is a natural phenomenon caused by thermal expansion, and the characteristic length dominates the physical field if the inertial force effect is weak. Because the characteristic length is very small in a close-spaced MOCVD reactor, the natural convection effect is almost negligible; in other words, a high susceptor rotation rate is unnecessary (60 rpm would suffice). However, because the wafer is located on the outer zone, a large temperature drop usually occurs due to high flow velocity on the susceptor edge. Hence, the pressure and rotation effect are relatively significant on the outer zone. This may explain the decrease in the growth rate of wafer 3. Correspondingly, the inlet flow rate drops from wafer 4 to wafer 6 because of the flow rate of species III. In sum, in a close-spaced reactor, considering natural convection is important for process control. This study focused on obtaining a quick solution for mass-transport temperature. The experimental results had some fluctuations when the wafer length exceeded 30 mm, which might be because of heating non-uniformity in the three zones or boundary-layer diffusion. In addition, the mechanism we import to Fluent (version 14.5) is the most simplified one (New model), the temperature in blue-LED is our target temperature, this study focuses on how to get a quick reference answer in mass transport-limited growth. In the low temperature zone, the adduct reaction is deleted by our view [15] , so in a low temperature zone, the prediction result may not quite correspond to the real experiment, which is a limitation of this study. But this is not of concern, because we were aiming for a quick solution at high temperature and mass transport-limited zone (around 1050 °C). Few adducts exist in such high-temperature areas. Therefore, we think the accuracy and repeatability of the experiments are reliable in this study.
The new information from this study and the previous study [15] provides a usefully simplified mechanism for predicting the blue-LED process which had not been developed in previous literature, and the accuracy is reliable for 0-D and 2-D numerical modeling. The mechanism can provide not only for academic investigation of the GaN mechanism, but also for R&D study of the blue-LED in industry. The work and concept in this study is introduced to a human-machine interface, and the connection between academics and industry is our new perspective. Since we have a cooperation with Taiwan's Industrial Technology Research Institute (ITRI), we will export this concept and database into ITRI (Taiwan)'s human-machine interface; before the R&D researchers start their experiment, they can run a quick numerical computation in the interface, to see the result is bad or good. Reducing gas consumption is our hope in practical systems.
Conclusion
This study is an extension of our earlier work [15] . A numerical verification method for the growth of gallium nitride thin films in a large MOCVD reactor was demonstrated. The results showed that real operating parameters (susceptor temperature: 1188 °C or 1238 °C; pressure: 100-300 torr) affect thin-film uniformity. After some geometrical transformation, the predicted growth rates correspond reasonably well with the experimental data. The mechanism to be imported to Fluent (version 14.5) is the most simplified [15] , and blue-LED temperature is the target temperature. This most simplified chemical mechanism can be used to predict the growth rate of a blue-LED process before the actual process begins, both in R&D and in industry. Thus, the proposed verification mechanism can save gas consumption. In the future, to verify the adaptability of our mechanism for practical applications, the proposed mechanism will be implemented in a human-machine interface. Overall, the proposed mechanism is of use not only in GaN research in academia but also for the early development studies of the blue-LED process. In addition, the mechanism we import to Fluent (version 14.5) is the most simplified one (New model), the temperature in blue-LED is our target temperature, this study focuses on how to get a quick reference answer in mass transport-limited growth. In the low temperature zone, the adduct reaction is deleted by our view [15] , so in a low temperature zone, the prediction result may not quite correspond to the real experiment, which is a limitation of this study. But this is not of concern, because we were aiming for a quick solution at high temperature and mass transport-limited zone (around 1050 • C). Few adducts exist in such high-temperature areas. Therefore, we think the accuracy and repeatability of the experiments are reliable in this study.
Conclusions
This study is an extension of our earlier work [15] . A numerical verification method for the growth of gallium nitride thin films in a large MOCVD reactor was demonstrated. The results showed that real operating parameters (susceptor temperature: 1188 • C or 1238 • C; pressure: 100-300 torr) affect thin-film uniformity. After some geometrical transformation, the predicted growth rates correspond reasonably well with the experimental data. The mechanism to be imported to Fluent (version 14.5) is the most simplified [15] , and blue-LED temperature is the target temperature. This most simplified chemical mechanism can be used to predict the growth rate of a blue-LED process before the actual process begins, both in R&D and in industry. Thus, the proposed verification mechanism can save gas consumption. In the future, to verify the adaptability of our mechanism for practical applications, the proposed mechanism will be implemented in a human-machine interface. Overall, the proposed mechanism is of use not only in GaN research in academia but also for the early development studies of the blue-LED process.
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